Sperm competition typically favours an increased investment in testes, because larger testes can produce more sperm to provide a numerical advantage in competition with rival ejaculates. However, interspecific variation in testis size cannot be equated directly with variation in sperm production rate-which is the trait ultimately selected under sperm competition-because there are also differences between species in the proportion of spermatogenic tissue contained within the testis and in the time it takes to produce each sperm. Focusing on the latter source of variation, we provide phylogenetically controlled evidence for mammals that species with relatively large testes (and hence a high level of sperm competition) have a shorter duration of the cycle of the seminiferous epithelium and consequently a faster rate of spermatogenesis, enabling males to produce more sperm per unit testis per unit time. Moreover, we identify an independent negative relationship between sperm length and the rate of spermatogenesis, such that spermatogenesis takes longer in species with longer sperm. We conclude that sperm competition selects for both larger testes and a faster rate of spermatogenesis to increase overall sperm production, and that an evolutionary trade-off between sperm size and numbers may be mediated via constraints on the rate of spermatogenesis imposed by selection for longer sperm.
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INTRODUCTION
There is widespread evidence that relative testis size evolves in response to the selective pressure of sperm competition (e.g. Harcourt et al. 1981) , which occurs when ejaculates from rival males compete over fertilization (Parker 1970) . Increases in relative testis size are assumed to reflect increased investment in sperm production, since there is evidence for a correlation between testis size and the number of sperm produced per unit time (e.g. Amann 1970; Møller 1989) . However, this assumption potentially masks important additional sources of variation in sperm production rate. First, the proportion of spermatogenic tissue contained within the testis can vary widely from one species to another (Lü pold et al. 2009 ). Second, while the basic process of spermatogenesis is evolutionarily highly conserved, there is wide interspecific variation in the time it takes for each individual spermatozoon to be produced (Roosen-Runge 1977) . Because overall sperm production rate (rather than testis size per se) will usually be the ultimate target of selection, the evolutionary forces shaping these additional sources of variation should also be considered, particularly in the context of sperm competition (Schärer et al. 2008; Lü pold et al. 2009 ).
In mammals, the time it takes for each spermatozoon to be produced is determined by the duration of the cycle of the seminiferous epithelium (Clermont 1972) , which can be defined as the time taken for one complete series of typical cell associations that occur in the seminiferous epithelium during spermatogenesis (Clermont 1972) . Approximately four and a half of these cycles occur over the period required to produce each spermatozoon, but, because the exact start and endpoints of spermatogenesis are difficult to define, its total duration is usually extrapolated from seminiferous epithelium cycle length (SECL) (Clermont 1972; Johnson 1995) . SECL varies widely between species, and it has generally been assumed that this variation is independent of testis size (e.g. Johnson 1995) . However, Peirce & Breed (2001) found evidence that two Australian rodents differing in sperm competition level differ markedly in SECL, and Parapanov et al. (2008) have reported a negative correlation between relative testis size (and thus the predicted sperm competition level) and SECL in six shrew species. Here, we aim to explore the generality of these findings by testing whether sperm competition selects for a faster rate of spermatogenesis across a broad range of mammalian taxa.
Variation in sperm size could also affect the rate of spermatogenesis. Sperm size and morphology is highly variable in the animal kingdom (see a review in Pitnick et al. 2009 ), including in mammals (Gage 1998) . The selective forces responsible for shaping sperm size evolution continue to be debated (see §4), but it seems likely that sperm of differing sizes will place different demands on the machinery of spermatogenesis (Schärer et al. 2008; Lü pold et al. 2009 ) and involve different time or resource costs (Pitnick et al. 1995; Pitnick 1996; LaMunyon & Ward 2002; Joly et al. 2008) . If larger sperm take longer to produce, this may form the basis of an evolutionary trade-off between sperm size and numbers, with important theoretical implications for understanding the evolution of sperm competition phenotypes (see Pitnick 1996) . Hence, for a broad range of mammalian taxa, we also investigate the relationship between sperm length and SECL.
MATERIAL AND METHODS
To quantify interspecific variation in the duration of mammalian spermatogenesis, we collated data from the literature on SECL. In total, we obtained measures of SECL in 50 species across nine mammalian orders for which we were also able to obtain data on body mass as well as either testis mass or sperm length (or both). Body and testes masses were extracted from the same source as for SECL wherever possible, or else from previous comparative analyses (see appendix S1, electronic supplementary material). All sperm length data were extracted from Gage (1998) . All four variables were log-transformed prior to analysis.
We used the phylogenetic general linear model (PGLM) procedure to estimate and then control for phylogenetic effects (see Freckleton et al. 2002; Gage & Freckleton 2003) . Phylogenies were constructed using the supertree of Bininda-Emonds et al. (2007) . Analyses were conducted in R (v. 2.4.0), using APE to generate variance-covariance matrices (Paradis et al. 2004 ) and unpublished code supplied by R. Freckleton to fit the PGLMs. Body mass was included in all models as a covariate, such that significant effects of testis mass (controlling for body mass) were interpreted as evidence for an effect of sperm competition (Gage & Freckleton 2003) . The evolution of relative testis size in response to sperm competition level is well established in mammals (e.g. Harcourt et al. 1981; Ramm et al. 2005) .
RESULTS
When all three predictors are investigated together, analyses with and without control for phylogeny reveal the same pattern: body mass and sperm length each exert a significant positive effect on SECL, whereas testis mass exerts a significant negative effect (table 1; figure 1 ). This suggests that larger species and species with longer sperm take longer to manufacture sperm, but sperm competition (as reflected by relatively larger testes) selects for a shortened duration of spermatogenesis.
Because data on SECL and at least two of the predictor variables were available for several additional species, we also conducted separate analyses of the sperm length and testis mass effects (in each case controlling for body mass). The sperm length analysis confirmed the pattern identified in the combined analysis (n ¼ 35, l ¼ 0.84, sperm length effect: 0.38 + 0.13, t ¼ 2.92, p , 0.007), whereas the testis mass analysis did not (n ¼ 48, l ¼ 0.59, testis mass effect: 20.04 + 0.04, t ¼ 21.00, p ¼ 0.3). Hence, it appears that sperm length and sperm competition exert independent and opposing effects on the duration of spermatogenesis in mammals, but that a negative relationship with relative testis mass is only revealed after controlling for a positive relationship with sperm length.
DISCUSSION
Our comparative analysis suggests that sperm competition selects for a faster rate of spermatogenesis in mammals. This presumably enables males to replenish sperm reserves more quickly, and thus maintain higher mating rates or larger ejaculate sizes. Hence, while testis size is a useful predictor of sperm production rate (Amann 1970; Møller 1989) , there is also increasing evidence both from comparative analyses (Schärer et al. 2008; Lü pold et al. 2009 ; this study) and experimental studies of sperm production plasticity (Oppliger et al. 1998; Bjork et al. 2007; Schärer & Vizoso 2007; Ramm & Stockley 2009) , that factors within the testis contributing to variation in sperm production rate should also be considered in the context of male adaptations to sperm competition.
Second, mammalian species with longer sperm have a longer SECL. It seems intuitively appealing that longer sperm will take longer to manufacture (Lü pold et al. 2009); for example, there is evidence that the rate of spermatogenesis tracks strain-and species-specific variation in sperm size in nematodes (see LaMunyon & Ward (2002) and references therein). More generally, evidence for the substantial costs of spermatogenesis resulting from sperm size evolution comes from Drosophila, in which increasing sperm length delays male reproductive maturity (Pitnick et al. 1995) , increases resources required for sperm production and packaging (Pitnick 1996; Joly et al. 2008) and selects for prudent male sperm-production strategies (Bjork et al. 2007 ). Further work is needed to explore how selection on sperm numbers and sperm length combines to affect the evolution of testicular architecture (Schärer et al. 2008; Lü pold et al. 2009) , and how the various features of the testis investigated to date are functionally integrated. Interpreting our two main results is potentially complicated by the evolutionary relationship between sperm competition and sperm length in mammals. If relative testis mass accurately reflects sperm competition level, and if sperm competition and sperm length are generally positively correlated (Gomendio & Roldan 1991 )-although they were not in our dataset-then their opposing effects on the speed of spermatogenesis might normally be expected to cancel one another out. Positive relationships between sperm competition and sperm size are indeed supported in a wide variety of taxa (see Pitnick et al. 2009 ), but current evidence in mammals, at least for overall sperm size, suggest that this is unlikely to be an issue (e.g. Gage & Freckleton 2003; Anderson et al. 2005) . Given their independent and opposing effects on SECL, our results confirm a further physiological basis for evolutionary trade-offs between sperm size and number, as suggested by Pitnick (1996) .
